We describe an approach for the discrete and reversible assembly of tunable and actively deformable structures using modular building block parts for robotic applications. The primary technical challenge addressed by this work is the use of this method to design and fabricate low density, highly compliant robotic structures with spatially tuned stiffness. This approach offers a number of potential advantages over more conventional methods for constructing compliant robots. The discrete assembly reduces manufacturing complexity, as relatively simple parts can be batch-produced and joined to make complex structures. Global mechanical properties can be tuned based on sub-part ordering and geometry, because local stiffness and density can be independently set to a wide range of values and varied spatially. The structure's intrinsic modularity can significantly simplify analysis and simulation. Simple analytical models for the behavior of each building block type can be calibrated with empirical testing and synthesized into a highly accurate and computationally efficient model of the full compliant system. As a case study, we describe a modular and reversibly assembled wing that performs continuous span-wise twist deformation. It exhibits high performance aerodynamic characteristics, is lightweight and simple to fabricate and repair. The wing is constructed from discrete lattice elements, wherein the geometric and mechanical attributes of the building blocks determine the global mechanical properties of the wing. We describe the mechanical design and structural performance of the digital morphing wing, including their relationship to wind tunnel tests that suggest the ability to increase roll efficiency compared to a conventional rigid aileron system. We focus here on describing the approach to design, modeling, and construction as a generalizable approach for robotics that require very lightweight, tunable, and actively deformable structures.
Introduction
T he ability to morph, or change shape, is desirable for a number of reasons in nature or in engineering, such as responding to varying external conditions, 1 improving interaction with other bodies, 2 or maneuvering in various media such as water 3 or air. 4 Soft robots typically achieve shape change through the compliance of their constituent material, 5 which corresponds to materials with elastic moduli similar to those of soft biological materials, on the order of 10 4 -10 9 Pa.
We introduce a new category of soft continuum robots based on low density and high specific stiffness cellular structures, made from high specific modulus constituent material such as carbon fiber-reinforced polymers (CFRP).
Many soft robots are defined by the use of elastomeric materials, whereas discretely assembled cellular composite structures allow for the design of tunable moduli ranging between those of engineering polymers, elastomers, and foams, all of which have orders of magnitude that are at a lower density than the comparable solid material. Our approach can result in ultralight heterogeneous continuum material behavior in one integrated structure.
Our approach is based on discrete lattice assembly, in which modular 2D elements mechanically link in 3D to form reversibly assembled composite lattices. This process is not limited by scale, and it enables disassembly and reconfiguration. These structures form cellular solids with properties that are governed by their constituent material and lattice geometry. 8 Such engineered periodic lattices act as continuum metamaterials, analogous to naturally occurring cellular materials such as foams and sponges. 9 These structures can be designed to have high specific stiffness and strength with behavior dominated by material stretching, or to have compliant and energy-absorbing behavior dominated by component bending. 10 This approach allows a single robotic structure to express both ''hard'' and ''soft'' continuum behavior based on the tunable lattice geometry.
Shape changing for maneuvering and control is a central objective for many soft robots, many of which tend to be highly specific platforms. 5 Analysis of these structures usually uses time and computation-intensive finite element analysis (FEA), which typically requires mesh triangulation of complex geometries. 11 For highly deformable structures, the re-meshing iterations that are necessary for simulation can become burdensome. 12 Modular designs attempt to reduce complexity through repetition of individual building blocks, such as modular elements containing fluidic elastomer actuators, 13 and magnetic, self-assembling modular elastomeric cells. 14 We leverage modularity to extend the field's work to develop extensible design, analysis, and assembly tools for making soft robotic systems. Prior work has shown that modularity in construction permits a description of the continuum as a series of beams and nodes, which can be used to create a voxel-based, tuned mass-spring lattice model to simulate the dynamics of highly deformable heterogeneous materials. 15 In homogeneous, periodic volumes, the behavior of networks of Euler-Bernoulli beams can be used to efficiently model bulk material behavior. 9 We use the description of these structures as networks of beams and show that boundary conditions and heterogeneous assemblies can be accurately modeled this way. We further show that having physical access to individual parts for testing and tuning of simplified macro-element models can provide highly accurate results.
In this work, a primary goal is to present a fabrication process using mass-produced, discretely assembled lattice elements that are capable of building at multiple scales. 16 Manufacturing processes for soft robotics, such as complex mold fabrication and multi-step casting, can be time and labor intensive, sensitive to error, and scale limited. 17, 18 Inflatable robotic arms can be larger, 19 and a wide variety of robots can be made by sewing patches of fabric together. 20, 21 Although this system can be scaled to large sizes, the complexity that arises for efficient design and repeatable manufacture of these types of robots becomes a challenge.
The work presented here contributes to the field of soft robotics by demonstrating a method for designing, analyzing, and building actively deformable elastic structures using modular, reconfigurable building-block elements, resulting in tunable heterogeneous behavior.
To ground these arguments, we use this method in a case study of a shape-changing wing that performs continuous spanwise twist deformation for roll actuation. The wing has highperformance aerodynamic characteristics while also being lightweight and simple to fabricate and repair due to its assembly method (Fig. 1 ). This soft robotic wing structure exhibits continuous deformation for aerodynamic control without conventional rigid control surfaces.
Methodology

Ultralight elastomeric cellular solids
Cellular solids are a relatively recent innovation in materials design, enabling access to previously inaccessible regions of the material property space, such as high strength FIG. 1. Construction of shape-changing structures from discrete lattice building-block elements. Several elements are shown with two joined together (top-left); multiple part types are joined together to form part of the overall structure (topright); an early prototype of the overall structures with shapechanging geometry exhibited (bottom). and stiffness per weight at very low mass density. They are composed of an interconnected network of either beams or plates, which form the edges and faces of cells that fill threedimensional space. 9 The geometry of these cells can be represented by the constituent polyhedra in a convex uniform honeycomb. There are many such honeycombs, 22 and common examples of derived frameworks are the Kelvin, octet, and cuboct lattice (Fig. 2) .
A key characteristic of a cellular solid is its relative density, which relates many macroscopic properties of the lattice such as stiffness and strength to the mechanical properties of the material that constitutes the lattice. This relationship takes the form of a power law, where the ratio of macroscopic stiffness E* and constituent material stiffness E are related to the ratio of cellular solid density q* and constituent material density q:
Here, a depends on the governing microstructural behavior of the geometry of the lattice selected, and k depends on the direction of the applied load for a given geometry.
By varying the lattice geometry, different properties can be achieved. One measure for a typical lattice geometry is its coordination number, or how many struts in the lattice meet at each node. For geometries with high coordination such as the octet geometry, where there is sufficient connectedness between the nodes that the beams transmit loads axially, the lattice is said to be ''stretch-dominated'' and relative stiffness scales linearly with the relative density. For geometries with low coordination such as the Kelvin lattice, the beams transmit loads through bending, and the relative stiffness demonstrates quadratic scaling with relative density. The range of behaviors attainable by varying the geometry is not limited to these two; coordinated-buckling modes such as those in the cuboct lattice impart a coupled stretch-bending behavior, with the resulting Young's modulus being proportional to the relative density to the 3/2 power. 23 By varying the relative density, the macroscopic behaviors of a cellular solid can be tuned to precisely the desired compliance and mass. In particular, below a density of 10 kg/m 3 , cellular solids are considered ''ultralight.'' 24 Lattices composed of high-performance materials such as alumina or CFRP approach the stiffness of elastomers, but with many orders of magnitude lower mass density. For instance, prior work with hollow alumina micro-lattices showed stiffness equivalent to that of conventional elastomers, but density that ranged from 25 to 200 times lower than equivalent elastomers. 25 Soft robotic structures require low stiffness, but they must also be resilient to the deformations that are made possible by this low stiffness. In this work, we rely on the fact that the most compliant degrees of freedom in a robotic structure can be actively driven. Therefore, we can tune the actuator bandwidth relative to nearly ideal structural properties as defined by the robot environment and behavior, to produce a lightweight and highly compliant system. 
FIG. 3.
Young's modulus versus density for engineering materials and cellular solids. Cellular solids allow the creation of unprecedented strength-and stiffness-per-weight structures by using high-performance constituent materials such as composites or technical ceramics, and by producing highly coordinated periodic frameworks. Below 10 kg/m 3 , these solids are considered ''ultralight,'' where their stiffness approaches that of elastomers, but with a significantly reduced weight.
In this way, soft robotic systems can use ultralight cellular solids to produce many of the same mechanical behaviors that would usually be accomplished with elastomers, but with a dramatically reduced mass (Fig. 3) . Our approach enables a new regime of ultralight, soft robotic structures for applications where the high mass density of elastomers makes them difficult to use from a systems perspective, such as high-performance aeronautics structures.
In addition to high-performance materials, cellular solids also enable the construction of complex composite structures with tuned anisotropy. Such anisotropy can be accomplished in three distinct ways. The first is using identical material but varying relative density in space, simply by altering the aspect ratio of the struts that compose that volume of the lattice. The second is using constituent materials with different material properties. The third is using identical materials and strut aspect ratios, but using different geometries with different scaling behaviors: This is the approach that we employ in this article.
To provide a method of production of such complex materials, we propose the use of digital cellular solids, 23 an approach that decomposes a cellular solid's geometry into discrete building-block elements that are connected to form periodic frameworks. These building blocks can be considered the base repeating unit of the lattice, which we manufacture and assemble in a variety of ways (i.e., filament winding of planar cruciform parts joined with shear pins, 23 or pultruded struts and injection molded nodes joined with nuts and bolts 16 ). We can repair and reconfigure the structures, and use materials that are prohibitively difficult to integrate into conventional cellular solids manufacturing, such as unidirectional carbon fiber. 23 Building blocks can have identical overall dimensions and interfaces, but be composed of different materials or have different strut geometry, resulting in cellular solids with a response to load that is ''programmed'' by varying the spatial location of lower and higher compliance parts. Examples are given by Meza et al. 25 and in the Flexural Lattice Design section in the Supplementary Data (Supplementary Data are available online at www.liebertpub.com/soro).
A final consideration for cellular solids is the resolution for a given lattice: This resolution is usually given as the overall specimen length L divided by the unit cell length of the lattice l. Below a value for L/l of about 10, these frameworks are typically treated as conventional structures such as trusses, but above this threshold the mechanical properties as a function of resolution converge to a stable value, and the structure can be treated as a cellular solid. 27 Our current example does not exhibit this resolution in all dimensions, but the manufacturing method lends itself to assembly of such structures. It is important to note that mechanical performance for a given relative density increases with increased resolution, so performance results found here will improve with finer resolution structures.
Finite element modeling
To model heterogeneous lattices, we use a method that is analogous to standard finite element analysis, where geometry to be modeled is subdivided into many small, easyto-analyze elements. 11 In our structures, however, we can leverage a ready-made decomposition into discrete, repeated parts. Unlike most finite element analysis, these pieces are not vanishingly small, but they admit a simple analytical description (in terms of beams, shells, etc.). In our case, we have physical access to the finite elements, and can conduct empirical testing to tune model parameters, as opposed to relying only on bulk material models. The behavior of a lattice structure such as our wing can be decomposed into the calibrated interactions of the parts through their nodal connections. Depending on the situation, we can choose to model the nodes between parts as fully rigid, or include an elastic coupling term. More details are given by Calisch. 28 We define a lattice by a list of populated cells in space, as well as a list of beams defining a cell. The beams are defined by their endpoints in the cell coordinates, cross-sectional area, density, second area moments of inertia, and elastic moduli (tensile E, shear G, and torsional J). For a given simple beam cross-sectional shape, these beam properties can all be readily calculated with standard engineering estimations. This beam induces an elastic coupling Ax ¼ f between the 12 degrees of freedom of its two endpoints, where x is the vector of displacements and rotations of the nodes and f is the vector of net forces and torques on the two nodes. If oriented along the x axis, A ¼ A x is given in Figure 4 .
With an arbitrary orientation for the beam described by a 3 · 3 rotation matrix T (mapping the x axis to the beam axis and the y axis to the local y axis), we can construct A as shown in Figure 5 .
As in standard finite elements, we can then construct a global linear system by summing these beam contributions to calculate net force at each node, impose boundary conditions,
FIG. 4.
Stiffness matrix for sample beam elements. 36 JENETT ET AL.
and solve the system. This small-displacement, linear elastic system is easy to implement, but it neglects some nonlinear effects that are important when simulating structures near their buckling loads. The open-source library Frame3dd adds the effects of shear deformation and geometric stiffness (described in Ref. 29 )
. We use this library with a set of python wrapper scripts for the simulations described in this work.
The advantages of this approach to modeling are twofold. The first advantage is, for truss-like geometries like ours, the linear systems are considerably smaller than a corresponding system from a conventional meshed finite element analysis. For example, consider a typical lattice with n s total struts. To accurately represent a strut with a meshed model, each mesh element should have an aspect ratio as close to one as possible. Thus, to generate a mesh for a beam, we need roughly s ¼ l=d many elements, where l is the length of the beam, and d is the diameter (for this coarse counting argument, we assume a circular cross-section). Usually, even more elements would be recommended per beam, so that no single element spans the full cross-section of a structural element. Let us say that no dimension of a strut will have fewer than n d elements across it. Now, depending on finite element choice, each element requires a number n e of nodes to specify it. This means that roughly n n ¼ n s s n e n 2 d nodes are required to model the structure. It is common that structures of interest have thousands of struts, with slenderness values s from 10 to 100. The simplest threedimensional element has four nodes, but many have significantly more, and common practice is to have no cross-sectional dimension represented by less than two elements. This estimate is on the order of 10 5 to 10 6 required nodes, each with six degrees of freedom, easily building a 10 6 · 10 6 matrix or greater. In our beam-based approach, we still have n s struts, each with two nodes. Due to the connectivity c of the lattice, multiple beams can share a single node endpoint. Simple graph counting tells us that n n c ¼ 2n s , discounting edge cases. In our lattices, c ranges from four for the Kelvin lattice, to eight for the cuboct lattice, to 12 for the octet lattice. The number of nodes in this case is 2n s =c, which using the same estimates as given earlier is between 10 2 and 10 3 , producing matrices with several thousand rows and columns.
The second main advantage of this approach comes from the fact that we have physical access to these elements as modular parts, rather than as an artificially imposed triangulation. Specifically, this allows us to calibrate model parameters based on empirical tests. In beam models, a commonly used parameter is a ''rigid'' radius around the strut connections to model the increase in cross-section in these areas. Even with knowledge of the geometry, picking this value a priori is challenging. In Validating Hierarchical Model Synthesis section in the Supplementary Data, we give details of validation of this process, showing how the parameter values set through simple tests on individual parts can be used to give accurate predictions for large assemblies of parts.
We can then use this beam model approach to predict behavior of heterogeneous lattice structures, using the lattice and cell descriptions to derive a collection of interconnected beams to model. As an example, we simulate the behavior of bricks made of a mixture of two lattice types: cuboct and Kelvin. All other parameters (E, I, L) are constant. We implement two load cases: a three-point bend test and a torsional test. Exaggerated deformations are shown later, with Kelvin cells drawn in blue, cuboct cells in red, constraints in green, and loads in magenta.
For both load cases, we run a series of simulations: Starting with all Kelvin cells, we introduce a central strip of cuboct cells (Figs. 6 and 7), and gradually widen the central strip until all cells are cuboct. From each load case, we can estimate an effective elastic modulus as if the volume were a homogeneous material by averaging displacements or rotations of the loaded nodes and comparing them with the force or torque applied (Fig. 8) .
Besides demonstrating the modeling method, this simulation shows that by varying lattice type, we can create structures with tailored anisotropic behavior. Because the torsional stiffness curve drops more quickly than the bending stiffness curve in these tests, structures such as the one shown are compliant in twisting, while being relatively rigid in bending. We will now apply and validate this observation in the test case of the morphing wing.
Heterogeneous lattice design
We investigate an aerospace structure where shape changing is desirable: the wing of an airplane. Due to the varying objectives of flight regimes and aerodynamic maneuvering and control, discretely controlled flaps are utilized to mitigate suboptimal wing geometry. 30 Mechanisms for actuation are added onto the wing, increasing mass as well as cost and complexity due to the manufacturing of high-performance joints and interfaces. 31 In our approach, the entire wing is considered a mechanism and can continuously adapt its geometry to achieve 
FIG. 6.
Results from torsional load simulation. Nodes on one end of the lattice are fixed in x, y, and z displacements, whereas loads are applied to nodes at the opposite end (scaled inversely by distance from the center to produce a constant torque about the central axis). the desired performance-reducing drag, increasing stall angle, reducing vibration, and controlling flutter-and to enable changes in operational flight regimes. 32 Previous work has shown effective airfoil camber morphing with short spans 26 ; our example is a complete full-span wing that performs spanwise twist morphing-an out-of-plane, three-dimensional wing shape change. Our technique can lead to complete 2D and 3D morphing; however, this will be left to further research.
For the design of the lattice geometry, we choose a required stiffness based on the application, then choose geometry and constituent material to achieve that stiffness at low density. We determine the material thickness t to give an appropriate area moment of inertia I, based on a square cross-section. This is determined to be 1.524 · 1.524 mm (0.60" · 0.60"). The base material is quasi-isotropic CFRP, with E = 30 GPa.
Based on the geometric and material parameters of our lattice, we can calculate the specific density, which will correspond to a specific stiffness, as described by Equation 1 and shown in Figure 3 . As shown in Figure 9 , we can calculate strut length l from lattice pitch P, l ¼ P ffiffi ffi 2 p =2; and given material density q, we can calculate strut mass m ¼ l Ã d Ã t ð ÞÃ q. Then, summing the strut masses and dividing by the bounding volume, v b ¼ P 3 , we determine the lattice specific density q Ã ¼ m total =v b . The densities of our stretch-dominated cellular lattice, q* s , and bend-dominated cellular lattice, q* b , are 21.4 and 6.1 kg/m 3 . The linear scaling laws for stiffness allow us to interpret that the effective stiffness of these lattices is *1.0 GPa for stretch and *0.02 GPa for bending. These are comparable to polymers and elastomers, respectively, however, at a fraction of the density: *2.1% for stretch and 0.5%
Airfoil design
The design for our airfoil is based on the NACA 0012 profile. 33 We extrude the profile to form a volume and fill the volume with lattice elements. Lattice pitch influences the size of the skin panels that go over the wing frame. We avoid instabilities in the skin that result in buckling and ridges or dimpling of the skin, all of which increase drag, by estimating the size of a given patch that would not cause significant displacement of the skin during normal operating conditions, and by combining the vortex lattice method (VLM) 34 with the standard panel method (Xfoil). 35 Figure 10 shows the flow chart representing the combination of VLM and using Xfoil, where VLM coupled with the Galerkin Finite Element Method (GFEM) 36 result in a lift coefficient that is passed to Xfoil. 35 Xfoil generates a
FIG. 7.
Results from bending load simulation. Nodes on both ends are fixed in the z direction (additional constraints applied to bottom end nodes to constrain rigid body movement), and constant loads are applied to nodes along the middle section.
FIG. 8.
Comparison of bending and torsional stiffness from simulation of heterogeneous lattices. Full cuboct structure is shown on the left, full Kelvin is on the right, and heterogeneous mixtures are in between.
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pressure profile for each span-wise lift coefficient generated by VLM. To determine the necessary size of the skin patch, the maximum pressure is assumed at the center of the patch. The pressures generated by Xfoil within the specified patch size are summed for each pressure profile generated from independent lift coefficients within the specified patch size. Figure 11 shows the average patch pressure with respect to angle of attack and patch size. Figure 12 shows the maximum displacement of a patch plotted against the patch size and angle of attack, normalized for material and geometric constants. We find patch displacement by using the Navier solution to the Kirchhoff-Love plate theory assuming the average pressure from Figure 11 is constant across the patch. We assume the wing to be a plate and get Equation 2,
where:
and where h is the depth of the plate, E is the modulus of elasticity, and v is Poisson's ratio. We want the largest possible patch size before the normalized displacement values become dependent on the angle of attack. Figure 12 shows this to be around 30 mm 2 . To fit a single cell of regular octahedra in the spar area, the resulting lattice pitch is P = 36.2 mm (1.43"), with constant chord-wise pitch.
Experimental platform
The resulting wing experiment platform (Figs. 13, 14) consists of two half wing spans (a), each attached to a central housing fuselage (b), which contains instrumentation mounting (c) and the actuation system. Beginning at the rear, a servomotor (d) is mounted to the bottom of the fuselage. A flexure delrin arm (e) is attached to the servo, which, in turn, is bolted to a shaft collar (f) that grips a carbon fiber tube (g). This tube exits the fuselage and passes through the wing's spar area. It terminates into a carbon fiber cap plate (h), which is bolted to another shaft collar gripping the tube. This allows rotation from the servo to twist the wing tip. The fuselage has a 3D printed nosecone (i), and the lattice wings are skinned with polyimide strips (j), which are attached to the structure via steel retaining pins (k). A central carbon rod minimizes cantilever deflection of the wing spans (l).
The primary wing lattice structure is decomposed into tessellated parts that are oriented similarly to conventional ribs, spars, and stringers (Fig. 15) . Two rib type parts follow the NACA profile. The stringer-type parts are uniformly spaced and split across the horizontal plane to facilitate assembly from top and bottom. The spar-type part consists of a continuous perforated sheet and three types of individual   FIG. 9 . Lattice parameters. Stretch dominated (left) and bending dominated (right). Lattice pitch (P), lattice strut length (l), strut thickness (t), and strut depth (d). Bounding box shown dashed.
FIG. 10.
Aero patch sizing method. The initial geometry is given to the VLM, which generates the aerodynamic forces that are then passed to the GFEM for static analysis. If the geometry that results from the GFEM converges, a cubic spline is used to create a lift coefficient for every millimeter. Those lift coefficients are then passed to Xfoil, which generates the pressure distribution around the airfoil for each section. GFEM, Galerkin Finite Element Method; VLM, vortex lattice method.
parts that have uniform width and varying height, based on their location in the profile (Fig. 15) .
Manufacturing
To facilitate rapid assembly, the final skin design uses strips rather than patches. The skin is made from 0.127 mmthick Kapton (polyimide film), cut into strips with hole patterns on a CO 2 laser cutter. The skin requires continuity and resistance to deformation to transfer the aero loads to the frame. However, due to the morphing strategy, the skin must change shape along with the wing, while avoiding wrinkling, separation from the frame, or other changes that may negatively affect the wing performance. The skin We discretize the surface into strips, parallel with the ribs, set halfway out of phase, so the center of each strip lands on a rib. To maintain a continuous surface height, the strips are layered, with one set of strips below the other. They are attached to the ribs with 0.7 mm diameter steel retaining pins, which have two legs that pass through hole patterns in the strips to grip specific locations on the rib below. The tail of the rib converges into a point with a retaining detent that mates to holes in the strip, so the small free end of the strip is then caught under a hook feature.
The fuselage anchors the two wings with an internal mounting structure. The external housing is made of 3.175 mm-thick 6061 Aluminum, lasercut with CO 2 laser, and assembled via mechanical fasteners. The internal structure and instrumentation interface are 6.35 mm-thick 6061 Aluminum, three-axis milled, and assembled via mechanical fasteners. The nosecone is fabricated from ABS plastic by using standard fused deposition modeling. Further details are given in the Wing Experiment Platform Details section in the Supplementary Data.
The material used for the lattice is a custom-made quasi isotropic layup with properties shown in Table 1 
Assembly
The primary part connection mechanisms are an integral snap-fit connection and a slot-type connection with a tensioned plastic cable tie (Fig. 16) . The assembly sequence is as follows: (1) Snap fit and zip tie rib on stringer, (2) fill in rib with appropriate stringer cells, (3) repeat until all ribs are in place, (4) zip tie top and bottom spar, (5) zip tie to fuselage, and (6) clip on skin panels. Assembly time is 8 h.
Actuation
Tip twist actuation is achieved via a flexure arm. The geometry of the arm in relation to the actuation source (servo motor) and the end effector (torque tube) achieves a favorable torque ratio, as shown in Figure 17 . With a maximum torque of 29 kg/cm at 6.0 V, this results in 150 kg/cm possible torque applied to the wing tip. Driving the wing twist directly with zero mechanical advantage would require a servo with 8 · more mass and 3 · more volume. We achieve open loop control through a Pololu Mini Maestro 12, a servo control board with a native USB and a built-in scripting interface. It is mounted to the underside of the fuselage, between the two arms.
Results
Bench testing and model calibration
We conducted simulations of the cellular wing structure by using the modeling methods described in the Finite Element Modeling section. The goals of this effort were to validate the simulation model by using static bench testing results, and to use modal analysis to characterize the lowest natural frequencies of the structure. To calibrate material properties, we first performed coupon testing on the CFRP struts identical to the parts for the wing. Coupon tests produced an estimate of the effective elastic modulus of 25-28 GPa for the composite samples (Fig. 18 ). With this measured modulus, we implemented two load cases (bending and torsion) to compare modeling predictions with experimental measurements. For both tests, we assume square cross-sections, rigid load transfer between parts, and a small radius of rigidity of 0.5 mm around each node.
To assess bending behavior, we performed a three-point bend test. The nodes on both ends of the wing are constrained vertically (with additional displacement constraints applied along the bottom edges to limit rigid body modes), and a vertical load is applied to nodes along the central cell boundary nodes. The deflection d for a force F gives the flexural modulus as
where L is the length spanned between edges, w is the chord-wise width of the wing, and h is the height of the wing. Because this modulus is just a comparison measure between the simulation and testing, we use the formula for a rectangular cross-section. Figure 19 shows an exaggerated representation of the deformed configuration under this loading. These simulations predict a flexural modulus of 184 MPa, close to the experimental figure of 191 MPa.
To assess twisting behavior, we performed a torsional loading test. The nodes at one end of the wing are constrained, and a vertical force is applied to the other end at the trailing edge. A deflection d for a force F gives the torsional spring constant (in Nm/radian) as s ¼ Fb=h, where b is the distance from the trailing edge to the axis of rotation (assumed for the calculation to lie coincident with the torque tube), and h = arctan(d/b) is the instantaneous rotation produced by the load. Figure 19 shows the exaggerated deformation under the torsional loading. These simulations predict a torsional spring constant of 14.9 Nm/radian in the linear range. This is again very comparable to the experimental figure of 12 Nm/radian.
The axial stiffness of the system is designed to be very high (the axial stiffness of the lattice, torque tube, and total wing are 0.3 · 10 7 , 1.2 · 10 7 , and 1.5 · 10 7 N/m, respectively), and the expected contributions to axial load from aerodynamic and actuation forces are very low for our span-wise twist morphing application case.
Finite element simulation studies
With these calibration tests as a baseline, we characterized the dynamic behavior of the wing prototype, as well as the partial derivatives of the specific bending and torsional stiffness of the lattice with respect to design parameters.
We looked at the fundamental modes of the structures to assess its suitability for the intended actuation and twist deformation. For the dynamics of the prototype lattice, we assigned each beam a density of 1600 kg/m 3 , and we used Frame3dd to compute the lowest frequency modes of the structure (Fig. 20) . The modal frequency values depend on how the lattice is covered and actuated, but these results provide feedback on the passive behavior of the lattice, shown in Table 2 . The first fundamental mode is a pure torsional mode around the torque tube axis, whereas the second is a mix of bending and torsion of the torque tube box. The next two lowest modes are a fore-aft bending and a second-order torsional mode. This modal analysis suggests, as desired, that the wing is more compliant to torsion about the axis of the torque tube than any other elastic mechanism, making it amenable to actuation by the torque tubes. Further, these bending modes will be largely damped by the addition of the torque tube, so the lowest mode to consider in stability analysis of the full wing is the second-order torsional mode. Besides using the finite element model to evaluate the elastic behavior of the wing prototype as built, we analyzed trade-offs in the design parameters. We implemented a parameter sweep for both of the calibration tests while varying the crosssectional diameter of the lattice tendons. In Figure 21 , we show the effect of varying tendon thickness on the bending stiffness and torsional stiffness of the wing. The vertical dotted line shows the wing as built. The left graph shows absolute values for the stiffness, whereas the right graph shows specific stiffness, found by dividing by the calculated tendon mass at 1600 kg/m 3 . For the wing as built, this calculation comes very close to the measured mass (110 and 102 g, respectively).
Although increasing tendon thickness clearly increases both bending and torsional stiffness, we see that the specific bending stiffness remains nearly constant (falling slightly). Further, specific torsional stiffness increases greatly as we increase tendon thickness, which is not desirable for a twistactuated wing. All this indicates that tendon diameter has an upper bound given by the supplied actuator torque, and a lower bound given by the required bending stiffness for stable flight.
Aerodynamic performance
The final means of performance quantification for the designed structure was to evaluate its performance in an actual aerodynamic environment. We conducted wind tunnel tests for a rigid wing model with a traditional flap control surface and for a flexible lattice wing model with a torque tubeactuated twist. Figure 22 shows the two models mounted in the NASA Langley 12-Foot Low-Speed Tunnel facility. Testing parameters are shown in Figure 23 .
The rigid model was tested at various dynamic pressures, from 2 to 4 psf, with a sweep of the angle of attack from -4°t o 24°and asymmetric flaperons at 10°, 20°, and 30°. The flexible wing model was tested over the same range of dynamic pressures but over a range of angle of attack from -4°t o 16°with an asymmetric wing twist of 2°, 4°, and 6°.
Overall, the active twist wing replicated the performance envelope of the rigid model. In addition, several properties of the morphing wing emerged that we did not see with the rigid model. The flexible model showed the capability to change from adverse to proverse yaw in a linear fashion with the angle of attack. The active twist model also showed stall mitigation via twist during wind tunnel testing. We see that a 4°tip twist configuration ends up having the highest lift-todrag ratio for the flexible model, whereas the 0°flaperon gives the highest lift-to-drag ratio for the rigid model. This suggests that the wing tip twist is a more effective means of increasing lift, (Supplementary Figures S10-S11 ). Full static results from the test are presented in Cramer et al. 37 There are benefits that are attributable to the fact that the soft robotic wing structure exhibits continuum control surface deformation that wings with rigid control surfaces cannot achieve. There is evidence that the form drag is reduced for the flexible model at low angle of attacks when compared with the rigid model. This is because at low angles of attack the flaperon results in a larger cross-sectional area that is exposed to the flow direction. The low angles of attack are used for the operational cruise conditions, meaning that the drag reduction gains in this region have a disproportionate effect on the overall performance of an aircraft.
There is a broad range of scale and experimental setup for morphing aircraft, ranging from full aircraft size experiments, 38 to small-scale flying UAV's, 39 to full-scale military aircraft. 40, 41 As a result, it is often difficult to find directly comparable morphing wing technologies. Also, many of these morphing aircrafts use some smart material or nontraditional means of actuation. 42 The most comparable work was done by Majji et al. 43 and Vos et al. 44 Both of them used a servo-driven torque rod system and performed wind tunnel testing though both used half-span wall-mounted wings. Both were able to show the ability to tailor the lift coefficient at various angles of attack, whereas Vos et al. also investigated drag and lift/drag ratios. Vos et al. showed similar lift drag efficiency gains by twisting down at stall and up at low angle of attacks that we found.
Discussion
We have demonstrated the design, analysis, fabrication, and performance of an elastic continuum robotic structure with heterogeneous properties, in the form of a span-wise twisting wing. This work was presented as a generalizable approach for the design, analysis, and fabrication of a robot requiring tunable, lightweight, and actively deformable elastic structures, utilizing reversibly assembled cellular composite materials.
We described an approach for using modular elements to construct cellular composite structures. These discrete lattice parts can be used to create meta-materials with properties determined by their base material and lattice geometry. It is possible to attain continuum robotic behavior across a range of moduli with the same set of parts by varying their geometry, at densities that are not attainable by using conventional soft materials. This can be used to build lightweight, integrative, and deformable structures. This approach is promising for robotic applications beyond the morphing wing case study presented.
We developed a morphing wing structure as an instantiation of the digital cellular composite system, whose design includes wing structure, skin, fuselage, and actuation system, including motors, controls, and mechanisms. The manufacturing process of the modular elements enables mass production by using high-performance composites. The digital cellular composite elements are assembled by hand with reversible mechanical connections.
We leveraged the discrete and repetitive nature of the lattice to simplify analysis models, and we used the physical testing of parts to hierarchically predict larger assembly behavior. Quasi-static bench testing of a built structure demonstrated the accuracy of this method. We used this approach to predict the fundamental modes of the structure.
We then tested the wing prototype in the NASA Langley 12-Foot Low-Speed Tunnel facility together with a rigid wing model with control surfaces (flaps) to assess the performance of the morphing wing. The morphing wing could use active twist to replicate the performance of the rigid wing model. Through active wing twist, it is possible to have several benefits, including stall mitigation.
In the morphing wing case study, the manufacturing technique is driven by the object's scale (<1 m). However, this particular technique may not scale up or down favorably due to the resolution of abrasive waterjet cutting. Smaller parts can be manufactured by laser cutting, or by injection molding, utilizing aligned fiber reinforcement for improved mechanical properties. Larger parts can be assembled manually or robotically. Pultruded carbon fiber struts can be assembled with injection molded nodes to achieve large-scale lattice structures. 17 This technique can be used for structures with lattice pitch ranges of 10 -1 to 10 2 m, and it may be a good candidate process for automation.
The ability for digital cellular structures to achieve large strain, comparable to elastomeric structures, depends on their base material. Due to the discrete assembly of these structures, it is possible to incorporate heterogeneous materials into a single assembled structure. This way, higher strain materials can be placed in areas where elongation is needed, whereas stiffer materials can reside in areas where deflection should be minimized. Postbuckling, nonlinear behavior of these lattices is also an active research topic.
Lessons from these experiments will be applied to complete aircraft with full flight controls using active elastic deformation.
